Abstract: The biosynthesis of the plant antitumor agent, taxol, was studied by feeding radioactive or stable isotope-labeled precursors to cut stems or to inner bark tissue of Taxus brevifolia. The labeled taxol was purified to radiochemical purity and subjected to chemical degradation or was analyzed by electrospray tandem mass spectrometry. It was demonstrated that in the plant taxol is synthesized from baccatin-111, containing the fully functionalized diterpene moiety, and a precursor of the phenylpropanoid side chain. The latter arises from phenylalanine not via cinnamic acid, but via B-phenylalanine and phenylisoserine. Benzoylation of the side chain occurs only after its attachment to the diterpene moiety. The benzoate moiety is also formed from phenylalanine via B-phenylalanine and phenylisoserine, not via cinnamic acid.
challenge to synthetic organic chemistry and raises the question how the plant assembles this formidable molecule (3-5). We have studied this latter issue by feeding experiments with potential precursors labeled strategically with radioactive or stable isotopes (6).
Our studies focused initially on the origin of the phenylpropanoid side chain and its mode of attachment to the diterpene moiety. Feeding experiments with radiolabeled precursors were carried out with cut twigs of Taxus brevifolia to which the radioactive material was administered through the cut stem in a small volume of water. Extensive purification of the resulting taxol, first by repeated HPLC and then by co-crystallization with non-labeled carrier material was found necessary to achieve constant specific radioactivity or, in other cases, to remove traces of radioactive impurities. Under these conditions incorporation of [7-14C] benzoic acid, as its N-acetylcysteamine thioester (0.09%), and [ 13-3Hlbaccatin-III (0.12%) was obtained. Degradation of the radioactive taxol from the benzoate feeding experiment showed that 88% of the radioactivity was recovered in the side chain fragment and only 1 1 % in the baccatin-111, suggesting that under the conditions of the experiment relatively little of the diterpene moiety was synthesized de novo. Upon degradation of the taxol from the baccatin-I11 feeding experiments, all the radioactivity was recovered in the baccatin-111 moiety, none in the side chain fragment.
To avoid the tedious chemical degradations, we changed to feeding experiments with deuterium labeled precursors to cambial tissue of Pacific yew. ES-MSMS analysis of the resulting taxol and cephalomannine allowed determination of the isotope distribution between the side chain and the diterpene ring system from daughter ion spectra of the isotopomers of the molecular ion; the abundance of each isotopomer was determined from parent ion scans. As summarized in Table 1 , the results clearly show formation of the side chain from phenylalanine via B-phenylalanine and phenylisoserine, not via cinnamic acid or its epoxide. The biosynthesis thus must involve a phenylalanine aminomutase reaction. Rather unexpectedly, B-phenylalanine and phenylisoserine pentadeuterated in the benzene ring gave not only pentadeuterated taxol but also molecules containing 10 atoms of deuterium, This together with the lack of incorporation of deuterium from cinnamic acid indicates that benzoic acid in this plant may be formed by a different pathway, involving O-phenylalanine and phenylisoserine, rather than the widely accepted one via B-oxidation of cinnamoyl-CoA (7). bEnrichments from different precursors are not necessarily comparable since the experiment were carried out at different times and we have noted substantial seasonal differences in incorporation rates.
Although incorporation of the complete side chain, labeled in the benzoate moiety, into the side chain moiety of taxol was observed, a double labeling experiment in which both aromatic rings of the intact side chain were pentadeuterated, gave very little if any taxol containing 10 atoms of deuterium. Since a control experiment with radiolabeled side chain indicated that hydrolysis of the benzamide linkage is not a very rapid process, this result can only be interpreted to mean that it is not the intact side chain that is attached to baccatin-111. This was confirmed in an experiment with double-labeled Ndebenzoyltaxol, carrying 5 atoms of deuterium in the side chain and 3 in the 10-acetyl moiety. The abundant appearance of molecules of taxol as well as cephalomannine containing 8 atoms of deuterium is clear evidence that acylation of the nitrogen occurs only after linkage of the phenylpropanoid moiety to the diterpene (8). The synthesis of 13-S-phenylalanyl-baccatin-I11 is underway to distinguish whether attachment of the side chain occurs before or after hydroxylation. 
